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suMMmY

A dye-tracertechniquehasbeendevelopedwherehythequantityof
dyedwatercollectedona blotter-wrappedbodyexposedto anairstream
containinga dyed-waterspraycloudcanbe calorimetricallydetermined
inorderto obtainlocalcollectionefficiencies,totalcollectioneffi-
ciency,andrearwardextentofimpingementonthebody. Inaddition,a
methodhasbeendevelopedwherebytheimpingementcharacteristicsob-
tainedexperimentallyfora bodycanberelatedtotheoreticalimpinge-
mentdataforthesamebodyinorderto determinethedropletsizedis-
tributionoftheimpingingcloud.Severalcylinders,a ribbon,andan
asptiatingdevicetomeasurecloudliquid-watercontentwereusedinthe
studiespresentedhereinforthepurposeofevaluatingthedye-tracer
technique.Althoughtheexperimentaltechniquesusedinthedye-tracer
techniauerequirecareful.control,themethodspresentedhereinshouldbe
applic~blef;ranywindtunnelprovidedthe
canbemaintainednearsaturation.

humidityoftheairstream

INTROIYJCTION

InthedesignandevaluationofthermalicingProtectionsystems
foraircraft,oneofthemoreimportantfactorsinthedeterminationof
heatingrequirementsandthechordtiseextentofheatedareaisthe
cloud-dropletimpingementcharacteristicsofthevariouscomponents
requiringprotection.Previousinvestigations(refs.1 to 11)have
generallybeenconfinedto analyticalsolutionsofthedropletimpinge-
mentcharacteristics.Thesesolutionsinvolvetheuseofdifferential
analyzersormechanicalanalogsfor computationofthedroplettrajec-
toriesoncetheflowfieldaboutthecomponenthasbeencalculated.
Berm determineda limitednumberoftrajectoriesforan airfoilin
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reference4 usingstep-by-stepcalculations.Inaddition,inreference
12Bergrunderivedan empiricalmethodpermittingestimationofthe
dropletimpingementcharacteristicsonarbitraryairfoilsections.This
method,however,appesrstobe moreapplicableto Jo~owski-W?eair-
foilsthanto low-dragorhigh-speedairfoilsbecausethebasicdata
usedindevelopingthemethodwereobtainedforfourJoukowskiairfoil
sections,butforonlyonelow-dragsection.

Becauseofthelaborandtimerequiredto calculatethecomplexflow
fieldsaboutsomebodiesandthedroplettrajectoriesthroughtheseflow :
fields,itisoftenimpracticalto obtaindropletimpingementcharacter- &
isticstheoretically.Itisthereforedesirableto obtainan experi-
mentalmethodforthedeterminationofdropletimpingementcharacteris-
ticsandtherebyavoidthecalculationof complexflowfields.

A seriesofinvestigationswereinitiatedattheNACALewislabo-
ratoryandunderNACAcontractattheDanielGuggenheimAirshipInsti-
tute(Univ.Akron)to determinea suitablemeansforexperimentally
studyingdropletimpingementcharacteristicsona bodyat above-freezing
airtemperatures.InitialstudiesattheUniversityofAkronwerecon-
cernedwithdevelopinga techniqueto obtaina recordortraceofdroplet
impingementonanarbitrarybody. subsequentstudiesattheLewislab-
oratorywereconcernedwithimprovementsinthetechniqueandthecorre-
lationofexperimentalimpingementresultswiththeoreticalstudies.
Becauseavailableinstrumentswereinadequateto determineaccurately
dropletsizedistributions,a methodwasdevelopedbywhichthedroplet
sizeanddistributioninthecloudwereascertainedfromimpingement
recordson severalbodiesforwhichthetheoreticaltrajectoriesare
available.

Thisreportpresentsa descriptionoftracertechniquesdeveloped
by theNACAto obt’aintheexperimentalimpingmpentcharacteristicsof
arbitrarybodies.Inaddition,a methodis presented forappltiutheo-
reticalimpingementdata(refs.1 and2)totheexperimentalimpingement
datafromcylindersto determinethedropletsizedistributionofthe
impingingcloud.A reviewofbasicimpingementrelationsprecedesthe
mainbodyofthereportto clarifyandprovidea basisforthedevelop-
mentofthemethodshereindescribed.

BASICIMPINGEMENTRELATIONS

A bodymokim througha cloudofwaterdropletswillnot,ingen-
eral,interceptaXlthedropletsoriginallycontainedinthevolumeof
airsweptoutby theprojectedfrontalareaofthebody. Ifthebody
is consideredtobe fixedina referencesystem,then,at a largedis-
tanceaheadofthebody,thedropletsandtheairbothapproachin
straightlinepathswitha free-streamvelocityVo. (Allsymbolsused
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hereinaredefinedinappendixA.) As thedropletsandtheairreach
thevicinityofthebody,theairstreamlinesdeviatefromtheirorig-
inalstraightlinepathsandflowaroundthebody. Theairflowfield
isdepe@entprimarilyonthe$hapeofth~bo~,andtheorientationof
thebod~Withrespectto$thedirectionof~hefree-streamvelocity.A
droplet,becauseof itsmomentum,tendstomaintainitsoriginalstraight-
linepathtowardthebodyj however,thedragforceimposedbytherela-
tivevelocityoftheairwithrespecttothedropletastheairstream-

2 linesdetiatetendsto causethedropletsto followtheairstreamline.
.1 Thecombinedeffectofthemomentumandthedragdeterminesthetrajec-

toryofthedroplet.Forthecaseof smalldropletsize,highairvis-
‘“+/’ cosity,1’OWfree-streamvelocity,andhighairdensity,theeffectof

thedropletdragwillexceedthatofthedropletmomentum;consequently,
a~opletswilltendto followthecurvedstreamlinesaroundthebody.

case,manyofthedropletswhichwereoriginallydirectlyahead
.-~ne‘frontalareaofthebodywillmissthebodyentirely.Forthe
conditionoflargedroplets,lowairviscosity,highfree-streamvelocity,
andlowairdensity,theeffectofthemomentumisgreaterthanthatof
thedrag,andthedropletswilltendtomaintaintheiroriginalstraight-
linetrajectories.Forthiscase,onlya fewofthedro@etswhichwere
originallydirectlyaheadofthefrontalareaofthebodywilldiverge
enoughfromtheirstraight-linepathstomissthebody.

T’aebasicdifferentialequationsofmotionfora dropletinan,air
streamapproachinga bodyarepresentedindimensionlessforminrefer-
ences1 to 3. Fora bodyconfigurationwhereshapeandorientationwith
respectto free-streamvelocitydirectionaregiven%utsizeisvariable,
thetheoreticaltrajectoryofa dropletisdeterminedlyanytwoofthe
fourimpingementparametersK)q, Reo,and V. Thesedimensionless
parameterssreinterrelated(K9= Re02,~z = (p/K)andincludesuch
factorsas dropletsize,bodysize,airviscosity,dropletdensity,air
density,andfree-streamvelocity(appendixA).

Bodyofarbitraryshapein cloudofuniformdropsize.- Thebasic
definitionsofthedependentimpingementparameters- limitofimpinge-
ment,totalcollectionefficiency,andlocalcollectionefficiency- can
be expressedingeneralequationsforbodiesofarbitraryshapeand
orientation.A generalcaseforimpingementconsiderationsisthatof
anarbitrarybodyplacedinan incompressibleairstreamwhichcontains
dropletsofuniformsize.Forsimplebodies,theflowfieldmay%e ex-
pressedmathematically,andtheequationsofdropletmotionmaybe solved
by theuseofa mechanicalanalogora differentialanalyzer.Thedirect
resultofthesecomputationsisa traceofthedroplettrajectoryfor
eachinitialordinatemeasuredfroma referencelineat an infinitedis-
tanceaheadofthebody. Forillustrativepurposes,thedroplettra-
jectoriesfora simpletwo-dimensionalbodyareshowninfigure1. The

—— —.— —.
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dashedtracesrepresenttypicaltrajectoriesfora fixedsetof.impinge-
mentconditions(describedbyK and 9). Thesolidlinesaretypical
tracesforanothersetof conditions(othervaluesof K and 9) for
whichthemomentumeffectisgreaterandthedropletfollowsa straighter
trajectory.Fora givensetof K and 9 conditions,thedroplets
whichstartoutatprogressivelylargerinitialordinates(yO’s)will.
strikethebodyprogressivelyfartherbackalongthesurfaceuntila
maximumvaluey.~ isobtained.Thetrajectorystartingat y.

9 ,m
willbe tangentto thesurfaceofthebodyatpoint p,whichisa dis-
tance sm (measuredalongthesurface)froma referencepointonthe
body.Alldropletswhichhaveinitialordinatesgreaterthan yo)m at
an infinitedistanceaheadofthebody(x. - m)willmissthebody
completely.Therefore,sm denotesthedistancealongthebodysurface
to thelimitof impingementorthepointonthesurfacebeyondwhichno
dropletswillimpinge.Forarbitrarythree-dimensionalbodiestherear-
ward15mitofimpingementwillvaryeverywherearoundthesurface
periphery.

Foranarbitrarythree-dhensionalbodyina cloudofuniformdrop-
letsize,thetotalcoM.ectionefficiency~ isdefinedas:

%=(amountofwatercaughtina unitoftimeby a body)
Iamountofwaterwhichcouldbe caughtinthatunit (1)

oftimeifthetrajectorieswereall
paralleltuthefree-streanlvelocity

or

%=

where + istheprojectedfrontal
areathroughwhichallthedroplets
pointa largedistanceaheadofthe
thefree-streamvelocitydirection.

straightlines
direction)

(2)

areaofthebodyand ~,m isthe
hittingthebodymustpassat some
body,bothareasbeingnormalto
33?thenumeratorofequation(1)

isdenotedasthetotalwatercollectionrate Wm (lb/hr),theequation
maybewrittenas:

Wm

Thelocalcollection
ditions(K,q) isdefined

= o.329voT?t+%

efficiencyj3forspecifiedimpingement
foranypointonthebodysurfaceas:

(3)

con-

,-. . .
f
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(amountofwatercaughton infinitesimalareaof surface

5’+m
or

ina givenunitoftime)
,(amountofwaterwhichcouldhe caughtinthattimeon
thatareaifthetrajectorieswerestraightlinesparal-
leltothefree-streamvelocitydirectionandifthe
areawereorientedtobe perpendiculartothe .
trajectories)

%% -
p. 1~—=—A$#% %

whereUs isan incrementofareaonthesurfaceofthebodyand

(4)

(5)

%
istheincrementof ~ (whichistheareaperpendicularto theair
stream)throughwhichallthedropletsimpingingon ~ mustpass.
Thevalueof p atanypointonthebodydeterminesthelocalimpinge-
mentrate W , definedastheamountofwatercollectedon a smallareaP
atthatpointperunittime. Intermsofthelocalcollectionefficien-
cy,Wp isdefinedas:

Wp = 0.329VOW% ~ . (6)

The 13 valuesoverthesurfacearealso.usefulin someinstancesfor
thedeterminationofthetotalcollectionefficiency~. An integra-
tionofthelocalcollectionefficienciesoverthesurfaceareasubject
to impingementanddivisionby + yieldsthefollowingrelations:

(7)

Ifequation(7)is multipliedby 0.329V.Wt +, it iSaPParentfrom
equations(3)and(6)that

s
Wps=wm (8)

Effectofnonunifomdropletsizedistributionon impingementpa-
rameters.- Inmanycasesdropletsof varioussizesareintermingledin
a cloudwhetheritisnaturallyorartificiallyproduced.Variousgraph-
icalrepresentationsmaybe employedtodescribethedistributionof
dropletsizesina cloud;theserepresentationsemployeither(1)a block-
typedistributionor (2)a smoothlyfatieddistributioncurve.These

..—...—. . .—.— — —————. ——————— .— —..
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distributionsme oftenshownasthevariationofcumulative
contentw asa tlmctionof dropletradiusa. Thedimen-

sionlessformoftheirplotis n = w/wt asa functionof al~d” ‘y
definition;theVOhIIIIHIIdhn drOPlet size ~ed is t~t droPlet size

forwhichhalfthetotalliquid-waterwt iscontainedin droplets
largerthan ~ed andhalfthetotalwateris containedin droplets
sma13_erthan~ed.

A series,ofdimensionlesshypotheticalblockdistributionsispre-
sentedinreference2;an exampleof sucha distribution(LangmuirD-
type)is showninfigure2 togetherwitha smoothcurveapproximation.
Bothblockandfairedcurvedropletsizedistributionsmaybe employed
intheanalysisoftheimpingementof clouddropletson variousbodies;
thechoiceisinmostcasesa matterof convenience.

Thedimensionlessdependentimpingementparsmaters#L, ~, and
p forabody ina cloudofnonuniformdropletsizemustbetreatedin
a mannersomewhatdifferentfromthosefora bodyina cloudofuniform
dropletsize.Thelimitofimpingement,wtichcanbedenotedbytiL
fora singledropletsize,mustnowbe definedasthelimitofimpinge-
mentcausedby themaximumdropletsizepresentinthecloud,andis
therefbredenotedas(#L)W. TheparametersdenotedbyP>w~~~~
and Wrnforthecaseofa singledropletsizeareweightedto account
fortheeffectofalldropletsizespresentinthedistribution.The
weighte”dparametersusedwitha dropletsizedistributionaredenoted
hereinas ~~~~y~, and ~m.

Theprocessofweightingtheseparameterswhenthedropletdistri-
butionis specifiedandthetheoreticaldependentimpingementparameters
#L, B,and ~ areknownasa functionoftheindependentimpingement
parametersK and q isanaveragingprocess.Thisprocessdefines
& and ~ sothattheequations

b

and

aresatisfied.Equations(9)and(10)fora
distributioncorrespondtoequations(3)and
distributionofuniformdropletsize. ~.

nonuniformdroplet
(6),respectively,

UI
1=

&

9

(9)

(lo)

size
fora

. –:
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Ifa cloudofblock-typedistributionsuchasthesolidlinesin
figure2 (with~ed and wt specified)impingesupona givenbody
forwhichtheoreticaltra~ect~rycalculationsareavailable,theweighted
totalcollectionefficiency~ maybe definedasanaverage~:

=E@An~+E@&2+. . .~,7An7 (U..)

Everydropletsizegroupinfigure2 hasa correspondingfinitevalueof
partialwatercontentAw (or An)anddropletsize a. Forgivenoper-
atingconditions,everydropletsizespecifiesa K valuewhich,along
with q, determines~ forthatdropletgroup.These~ valuesmay
be thenusedin equation(n) to determine~. Eqyation(U.)maybe
graphicallyrepresentedbya summationoftheareasinfigure3(a).

Ifa faired-typedistributionsuchasthedashedlinein figure2
is specified,equation(n) takestheform:

Forthistypedistribution~ maybe plottedasa functionof w (or
n) as infigure3(b)andintegratedgraphicallyto obtain&. Then
mm maybe determinedfromequation(9).

Theweightingof localimpingementrateparameterssuchas 13or
Wfjisaccomplishedinthesamemannerastheweightingof ~ except
thattheaveraging~rocessmusttakeplaceateverypointonthesurface
ofthebodywhere ~ is~esiredsince ~ variesalongthesurfaceof
thebody. Thequantity~ istheaverageB attheparticularloca-
tionunderconsiderationforallthedropletsinthecloud.

Ifa cloudcontaininga block-typedistribution,suchasthat”rep-
resentedby thesolidlinesinfigure~, impingesupona bodythe
weightedlocalcollectionefficiencyP maybe definedas

(13)

. . .— . _ ..— _______ __ _ .——— --—-..—___
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Equation(13)resultsinthe ~ valueat onlyonesurfacelocation
since 13isa functionof dropletsizeandsurfacelocation.If ~
istobe determinedovertheentireareaofdropletimpingementonthe’
body,equation(13)mustbe appliedat enoughsurfacepointsonthe
bodyto evaluateF asa functionof locations. Equation(13)is
graphicallyrepresented.infigure4 forthesurfacelocationSO ona
two-dimension.albody. Thevalueof ~ isobtainedbythesummationof
~, whichisequaltothecross-hatchedareainfigure4. Forother
-face locations(sl~S2J ‘3) etc.infig.5) successivelyfartherback
f%omthereferencepoint,equation(U) islikewiseappliedand ~ at
Sn istheareaunderthat ~ curve.Thereisa limitof impingement
~ foreachdropletsizegroup(eachAn). Thislimitis determined “
by the K and q foreachgroup.Forsurfacedistancesonthebody
greaterthan ~ foranygroup,the ~ forthat~oup equalszero.As
thesurfacedistancefromthereferencePointincreases(s> so))onlY
thegroupsof increasinglylsrgerdropletsizeswillcontributeto ~,
as showninfigure5. By summingundereach Sn curveoffigure5,
the ~ valueforthatlocationisdetermined_aspreviouslyillustrated
infigure4. Thisprocedureof smmdngfor P foreachlocationSn
resultsina plot(seefig.6)of ~ asa functionof surfacedistance
foronesetofoperating“conditions.Ifa smoothdropletsizedistribu-
tioncurveis specified,equation(13)takestheform

F

Equation(14)maybe

1
W=wtJ Jn.1

=—
Wt W*

~dw= j3dn
n=o

(14)

appliedat severalsurfacelocations(sn)as graph-
icallyrepresentedinfigure7. Theareaunderany Sn curveinfigure
7 represents~ forthatsurfacelocation,andtherefore~ maybe
shownas a functionof s as infigure8. Figures7 and8 forthe
smooth-typedropletsizedistributioncurvearecomparableto figures5
and6,respectively,fortheblock-typedistributioncurve.

Weightedlocalimpingementrate WP
efficiency~ maybe integratedoverthe
thetotalimpingementrate ~m andtotal
respectively:

o

andweightedlocalcollection
surfaceofthebodytoproduce
collectionefficiency~,
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Equations(15)and(16)forthe
spendto equations(8)and(7),
dropletsize.

9

cloudofnonuniformdroDletsizecorre-
respectively,forthecase

GENERALDESCRIPTIONOFEXPERIMENTALAPPROACH

Theobjectivesofan experimentaldropletimpingement

ofuniform

studyare
theevaluationsoftotalcollectionefficiencyofa %ody,thelocal
collectionefficiencyaroundthesurface,andre~~d ~ent of dl-op-
letimpingementonthebody. Themethoddescribedhereinto determine
thesequantitiesexperimentallyconsistsofa measurementofthelocal
impingementrate ~P onabody. Themeasurementisobtainedfroma
dyedepositleftonthebody. Theamountofdyedepositis directly
proportionaltothewaterimpingementrate. Inthistechnique,water
treatedwithsmallquantitiesoflTater-solubledyeis injectedinthe
formofdropletsintotheairstreamaheadofthebodybymeansof spray
nozzles.Thesurfaceo<thebodyis coveredwithanabsorbentmaterial
uponwhichthedyedwaterimpingesandisabsorbed.Atthepointof
impactanddropletabsorption,a permanentdyedeposit(hereinafter
designatedasdyetrace)isobtained.Theamountofdyetraceobtained
ina measuredtimeintervalcanbe determinedlycalorimetricanalysis
andconvertedintothequantityofwaterwhichproducedit ifthecom-
positionofthetreatedwaterishow-n.

Theimpingementlimit ~ isobtaineddirectlyfromtherear-
mostdyetrace(where~P+ O). Thedyeanalysisconsistsofremoving
thedyeimpregnatedabsorbentmaterialfromthebodyandpunchingout
smallsegnentsofthematerialforthedeterminationoflocalimpinge-
mentcharacteristics.Thedyeis dissolvedoutof eachsegmentina
knownquantityofwater.Theweightofdyeinthissolutionisdeter-
minedlytheamountoflightofa suitablewavelengththatwillbe
transmittedthroughthesolutionbyuseofa calibratedcalorimeter.
Froma knowledgeoftheoriginalconcentrationofthedyeinthewater
droplets,theweightof dyecollectedperunitareacanbe converted
intotheweightofwaterwhichimpingesatanysurfacelocationperunit
time.Thisconversionassumesthatno evaporationofthe’dyeddroplets
occurredintheairstresm Theuseoftheexperimentallocalimpinge-
mentratesti~toevaluate‘~ wasdiscussedintheyrevioussection.

Thedeterminationofthedropletsizedistributionfromtheexperi-
mentallocalimpingementratesona bodyrequiresa thoroughknowledge
ofthetheoreticaldroplettrajectoriesaroundthebody(discussedin
a subsequentsection).A surveyoftheavailableliteratureindicated
thatthemostreliableandabundanttheoreticalimpingementdataexisted

—..—.—.—- —.——..-. . —.__._— _____ ..—...—— —___ ————. .
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fortwo-dimensionalbodiessuchasairfoils,cylinders,andribbons.Of
thesedatathecylinderanalysis(refs.1 and2)appearedto%e themost
applicableforanexperimentalstudythatrequiredanaccuratedetermi-
nationoflocalimpingementratesfromthedyetraces.Theimpingement
datareportedhereinwerethereforeobtainedbyanalyzingtheimpinge-
mentrecordsfromseveraldifferentsizedcylinders.

Modelsandrelatede~ipment.- Theexperimental.studiesofdroplet &
impingementcharacteristicson cylinderswereconductedinthe6-by
9-foottest“sectionoftheNACAicingtunnel.Threewoodencylinders
allofl-footspanand2,4, and6 inchesindiameterwereinstalledon
a hydraulicallyactuatedelevatorshaft.Endplateswereusedonall.
cylinderstomaintaintwo-dimensionalflowcharacteristicsoverthe
model.Thecylindersweremovedinandoutofthetunnelbymeansof
theelevator.A photographofthe4-inchcylindermountedinthecenter
ofthetunneltestsectionis showninfigure9.-

Pressuredistributionsforthe2-and6-inchcylinderswereob-
tainedbymeansofpresue beltscementedtothecylindersurface.

A squaregridmadeup of 1/8-by l/2-by24-inchbarstockheld
ribbonswhichwereusedformeasuringclouduniformityandwasmounted
inthetunneltestsectionas showninfigure10. An aspiratingdevice
wasusedto determinethecloudliquid-watercontentandis described
inappendixB.

Absorbentmaterial.- Theabsorbentmaterialselectedforthe
studieshadto satisfythreebasicrequirements:(1)Thematerialmust
havethecapacityto absorbandholdatthepointofimpactansmount
of dyedwatersufficienttoproduceadequatecolorcontrastforgood
calorimetricdeterminations,(2)thethicknessofthematerialmustbe
suchthatit canbe readilyformedwithoutbreakingorotherwisedis-
tortingthemodelcontoursandbe ofnegli@blethicknessas compared
withthedimensionsofthemodel,arid(3)thematerialmusthaveno
perceptiblechemicalreactionwiththedyesolution.Forthestudies
herein,commercialvarietiesofwhiteblotterpaperoftwothicknesses,
0.017inchand0.023inch,wereused;however,forthemodelsandspray
conditionsinvestigatedno differenceinresultswasobtainedwiththe
twothicknesses.

Ribbonsofblotterpaper1/8by l; inchwerefastenedtothelead-

ingedgeofthegridbarstockforuseinmeasuring.theclouduniformity
at variouslocationst@ughout thecross-sectionalareadeterminedly
the5id dimensions.An accuratelymachinedpaperpunchwasusedto

.
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.
obtaintheseribbons(1/8by l+ in.) fromsheetsofblotterpaper.
Blottersabout3 incheswidewerefastenedtothethreecylindermodels
by meansofmaskingtapemountedparalleltothecylinderaxisanddown-
streamofthemaximumthicknesspoint.

Dyeandwaterforsprayfluid.- A dyethatwouldprovideimpinge-
mentrecordssuitableforanalysiswasselectedto satisfythefollow-
ingcriteria:(1)Thedyemustbe readilyandcompletelysolubleout
oftheabsorbentmaterial;(2)thedyemustbe nonvolatiletoprevent
dyelossesfromthetraceto thesurroundingairby evaporationafter
exposuretothespray;(3)thedyemustbe reasomiblycolorfastand
chemicallystablesothatthetracewillnotfadeorotherwisechange
inchemicalnatureduringprocessing;(4)thesolutionof dyeinthe
sprayfluidmustbe a truesolutionandmustprovidesufficientcolor
contrastontheabsorbentmaterialto allowaccuratecalorimetricanaly-
sisanddeterminationofthelimitof impingementfromtherearmost
dyetrace;(5)thedyeshouldbe substantiallypuretoeliminatethe
possibilityof impuritiessettlingoutof solution,andshouldbe
chemicallyine~ to eliminateanyreactionwiththe,spraysystem
piping.

Ofthedyesthatwouldsatisfythesecriteria,a reddyeofthe
azogroup(CsrmoisineBA ExtraCone.118percentfactorystrength,Gen-
eralDyestuffCorp.)waschosenfortheexperimentalstudiesreported
herein.Water-dyesolutionsbetween0.5and1.0percentdyeby weight
werestudiedandprovedsatisfactorywithrespectto volubilityand,
colorcontrast.The0.5percent(nominal)dyeinwatersolutionwas
usedthroughoutthisinvestigation.A standardcalorimeterwasusedto
determinethelighttransmittalcharacteristicsofthewater-dyesolu-
tions.Forcalorimetricanalysiswitha nearlymonochromaticlight
source,thebestcolordefinitionforthedye-watersolutionwasob-
tainedata wavelengthof520millimicrons.

Distilledwaterwasusedthroughoutthisinvestigation.Inorder
to obtaina truesolutionof dyeinthespraywater,thedye-watersolu-
tionwasagitatedmechanicallyandheatedforseveralhoursnearthe
boilingpoint.Theadditionof csrbondioxidetothedistilledwater
tomakethewaterslightlyacidicseemedto improvethestabilityof
dye-watersolutionsmadewiththewater.

Spraysystem.- Forthepurposesofthepresentstudya special
spraysystemwasusedcontainingfourair-wateratomizingnozzleassem-
bliesofthetypeshowninfigureXl: Thenozzleassemblyconsistsof
(1)a two-way,fastaction,normally-closedsolenoidvalve,(2)the
spraynozzle(Inconel),and(3)thenozzlehousingwhichcontainsthe
atomizingairinlet.Thesenozzlesareofthesamedesignasthoseused

—. — - .———..—.—.—_
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theicingtunnelandarelocatedin
ofthetunnel.Eachofthenozzle

assentd-ieswasadjustableasto itsorientation,facilitatingthedevel-
opmentinthetunneltestsectionofa spraycloudthatwasuniformin
15quid-watercontenttidof sufficientsizeto covercompletelythe
largestmodelstudied.Thedyesolutionwaspressurized(100and120
1%/sqin.)ina 15 gallonInconelsupplytank. Rromthetank,thesolu-
tionpassesthroughstainlesssteeltubingandfittingsto a stainless
steelmanifoldandthencethroughrubberhosesto eachindividualnozzle a
assembly.(Inconel,stainlesssteel,andrubberwereunaffectedby the +
dyesolution; whereasothermaterials,includingbrass,copper,and &
aluminum,reactedchemicaU.ywiththedyesolution.)Theairusedfor
thespraynozzlesispressurized(60-80lb/sqin.)andisnearlysatu-
ratedwithwatervapor.Thisair,afterpassingthrougha porousfilter
forcleaning,isductedto a steelmanifoldandthenthroughrubber
hosesto eachnozzleassenkd.ytobe dischargedthroughthenozzleori-
fice(fig.11)at sonicvelocity.

Calibrationofthespraysystemandvalve-triggeringmechanismin-
ticatednomeasurabletimelagintheopeningandclosingofthevalve.
Increasingtheair-waterpressureratiofrom0.5

)
60lb/sqin.air,120

lb/sqin.water)to.O.6(60lb/s
7
in.air,100lbsqin.water)andthen

to 0.8(80lb/sqin.air,1(Mlb sqin.water)resultedin a decreased
waterflowrate.A lowwaterflowratefortheairandwaterpressures
usedisaccompaniedbya smalldropletsize,whereasa largewaterflow
rateisaccompaniedby a lsrgedropletsize.

AiYandspray-fluidpressurewereremotelyandindependentlycon-
trolledfromthemainicingtunnelcontrolroombymeansof suitable
pressureregulatorsandtransmitters.Thesepressureswererecordedby
meansofa manometerboard.Allpressureswerepresetandcouldbe
repeatedandmaintainedwithintl/2poundpersquareinch.Thesolenoid
valveswhichcontrolledthespraydurationwerelinkedto an electronic
timerby meansofwhichthedurationofthespraywasrepeatableto
~0002°second.

PRO(IEDURE

Conditioningoftunnelairstream.- Thestudiesreportedherein
wereconductedata nominalfree-streamvelocityof175milesperhour,
a totalairtemperaturerangingfrom45°to 60°l?,anda pressurealti-
tudeofapproximately28.2inchesofmercury.Thetunnelairstreamwas
conditionedtobe asnearlysaturatedaspossiblebeforethebodywas
exposedtothedyed-waterspray.Thisprocedureminimizedtheevapora-
tionofwaterfrom’thedropletsduringtheirtimeoftravel(lessthan
1 see)fromthespraynozzlestothebody. (Theabsenceof evaporation

,-

1

— .-
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wasverifiedby weighinga ribbononananalytical’balanceimmediately
afterexposureandcomparingtheactualamountofwaterca@htwiththe
amountcalculatedby thedyetechnique.)A nearlysaturatedaircondi-
tionwasachievedthroughthecontroloftunnelairtemperatureandthe
additionof steamtotheairstream.Indicationof a nearlysaturated
airstreamwasobtainedvisuallyfromtheformationofa lightconden-
sationcloudinthetunneltestsectionpriorto exposingthemodelsto
thedyed-waterspray.Previousstudieshadshownthatthepresenceof
a lightcondensationcloudinthetestsectionwasaccompaniedby a
relativehumitityabove90percentattheSPraYsystem; t~s hti~ty
evaluationwasmadewitha psychrometer.

Exposingofmodelsto spraycloud.- Theprocedureforeachrun
wastopreloadtheairanddyed-waterpressureinthespraysystem,pre-
settheexposuretime,andthen,withthetunnelairproperlyconditioned
asto speed,temperature,andrelativehumidity,lowerthecylinderwith
blotterattachedintothecenterofthetestsection.Inthecaseof
theribbons,thegrid-wasmountedinthecenterofthetunnelduringthe
airstreamconditioningprocess.Thesolenoidvalvesinthespraynozzle
assetily(seefig.Il.)werethenenergizedtopermittheflowofdyed
waterintotheairstreamforthepresetandautomaticallyrecordedtime
interval.Themodelswerethenremovedfromthetunnel.

Theexposuretimefortheribbonsandcylinderswasvariedwith
boththemodelsizeandwatercontentinthecloud.A longexposurein
thespraycloud(soggyblotter)causeslateral.dispersionofdyedwater
intheblottersresultingin erroneousimpingementrates.Excessively
longexposuresalsopermitthedyedwaterto soakthroughtheblotter
paperontothebody,resultingina lossorredistributionofdyedwater.
Inthestudiesdescribedherein,a satisfactoryexposuretimeforthe
ribbonswaslessthan3 secondsandforthecylindersrangedfrom4 to
10 secondsatair-waterpressureratiosof0.5to 0.8,respectively.

Spraycloudcalibration.- Analysisofthedyecollectedlythe
ribbonsonthegriddeterminedtheuniformityandreproducibilityofthe
spraycloud.Theamountofdyecollectedonthegridribbonswasrela-
tivelyconstant(*5percent)fortheportionofthecloudthatcovered
a cross-sectionalareainthetestseetiongreaterthanthefrontalarea
ofthelargest(6-in.diam.)cylinder.Thisuniformporttonofthe
spraycloudminimizeserrorsinlocalimpingementrateson cylinders
thatcouldbeattributedto a nonuniformcloudaheadofthecylinder.
Thereproducibilityoftheuniformportionofthespraycloudfromone
gridexposuretothenextwasoftheorderof t3percentvariationin
dyecollected(basedonaverageoftwogridexposures).Variationsof
thecloudwithrespectto.reproducibilitywereattributedto fluctua-
tionsinnozzledischargepatternsandintunnelairflow.

.
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Theuniformityofthedropletsizedistributionat variousloca-
tionsinthecloud,wasestablishedbyplacinga 2-inch-diametercylin.
derinthreerandompositionsinthecloud.Thelocalimpingementrates
Rp forthecylinderatthesepositionsweresubstantiallyidentical;
consequentlyit isreasonableto assumethatthelocaldropletsized3.s-
tributionovertheentirecloudwassimilar.

Dissolutionofdyefromabsorbentmaterial.- Beforedissolvingthe
we fromtheblotterpaperforcalorimetricprocessing,the1/8-by
l~inchribbonsfromthe”gridwereaccuratelytrimmedto3/4inchin

orderto eliminateanyendeffectscausedby themaskingtape. The

punchusedto obtainthe1/8-by l&inchribbonblotterswasusedto

removesegmentsfromthecylinderblottersforlocaldye-impingement
determinations.No trimingofthesecylinderblotterse~entswasre-
quiredbecausethepunchedsegmentsaresufficientlyinboardfromany
possibleedgeeffects.A typicalcylinderblotterwithpunchedse~ents
removedis showninfigure12. Thepunchedblottersegmentswereplaced

. inindividual15millilitercapacitytesttubesandthedyedissolved
outofeachsegmentby addinga knownamountof distilledwatersuffi-
cientto completelycovertheblottersegment(generally5 ml). The
dissolutionofdyefromtheblotterswasexpeditedbyplacingthetest
tubecontainingthedistilledwaterandthedyedblottersegmentina
waterbathandheatingforabout10minutesata temperatureslightly
belowtheboilingpoint.Mechanicalagitationofthetesttubewasnot
employed,sinceagitationwouldpromoteexcessivedisintegrationofthe
blotteryaper.Thetesttubeswereeachcoveredwitha ventedcorkto
preventthelossofa significantvolumeofwaterduringheating.After
heatingwascompleted,thedye-watersolutionswereallowedto coolto
roomtemperatureandtheeffectiveconcentrationofthedyesolutionwas
determinedcalorimetrically.Itwasascertainedfromsuccessivetilu-
tionsofthesameblottersegmentthattheinitialdilutiondissolved
intosolutionmorethan99percentofthedyecontainedinthesegment;
therefore,one.dilutionwasconsideredadequate.

Calorimetricanalysis.- Aftertheeffectiveconcentrationofthe
solutionineachtesttubewasdeterminedfromthecalorimeter,a correc-
tionwasmadebecausethesolutionineachtesttubecontaineda small
smountofblotterfiberin suspension.Thesefibersabsorbedsomeof
thelightinthecalorimeter,causingmoretotallighttobe absorbed
by thecontentsofthecellthanwouldbeabsorbedifonlya puresolu-
tion(nofibers)wereanalyzed.ThetruesolutionconcentrationP is
theeffectiveconcentrationofthesolutionminustheeffectiveconcen-
trationofa “clean-blotter”solution.A cleanblottersolutionisone
whichcontainsthesamesmountofwaterastheothersolutions,butthe
blottersegmentthereinhasno dyeon it. Sincetheamountofblotter

.
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fiberin suspensionappearedtobe a functionoftheheatingtime,sev.
eralcleanblottersolutionswereheatedalongwitheachbatchoftest
tubes.An averageoftheeffectiveconcentrationsofthesecleanblotter
solutionswasconsideredtobe thebestcorrectionforthatparticular
batch.Eachbatchconsistedofallthesolutionsobtainedfromonecyl-
inderblotter(19fromtheblottershowninfig.12).

Theamounti$ ofdyeimpingingonanyblottersegmentperham
persquarefoo>isgivenby:

~p (@(~)(wft)) =
Pb = 7.94X1O-3A (17)

&4As 4.536x105 tAAs

Theweightofwater(whichisapproximatelytheweightof solution)per
unitweightofdyeisa functionoftheconcentrationc,thepercentby
weightoftheoriginaldye-watersolutionplacedinthespraysystem,so
that

L
100

= c (18)
F
P

Equations(17)and(18)resultin

~P (lb/(hr)(sqft))=“~cn (19)

Thelocalwaterimpingementratesgivenbyequation(19)arethe
primaryresultsobtainedbythedye-tracertechniquesandarebelieved
tobe accurateandreliable(seeRESULTSandDISCUSSIONsections).How-
ever,thecorrelationoftheexperimentalimpingementcharacteristics
obtainedfromthesetipvalueswiththeindependentparameters(K,q,
etc.)requiresanaccurateknowledgeofthedropletsizedistribution.
Becauseoftheinadequaciesofpresentlyavail-ableinstrumentsforde-
terminingdropletsizedistribution,a methodhasbeendevelopedby
whichthedropletsizedistributioncanbe ascertained.Thismethod,
whichispresentedinthefollowingsection,permitsthecalculationof
~hedropletsizedistributionbyrelatingtheexperimentallyobtained
Wp valuesfora bodytothetheoreticaltrajectoryresultsforthe
samebody.

METHODFOR~G DROPLETSIZEDISTRIE!UTION

Thegeneralizeddependentimpingementparametersdiscussedinthe
sectionentitledBASICIMPINGEMENTRELATIONSforbothuniformdroplet

—. _T -c _____ __ —
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sizeandnonuniformdropletsizedistributionsaresimplifiedforthe
cylindersusedhereinbecausethecylindersaresymmetricalandaretwo-
dimensionalbodies.Theresultantequationsfora cylinderare:

Wm= 0.658Vowt ~

&fQ @Q
j3. lim-.—

&-m A ‘s

(20)

(21)

(22)

Thesurfacedistances ona cylinderismeasuredfromthestagnation
pointandmayalsobe denotedintermsofthecentralangle 19measured
fromthestagnationpoint,whilethelimitofimpingementis denotedby
em“

Theterm p maybe determinedfromthetheoreticaltrajectoryre-
sultsforanygivensetofimpingementconditions(K,~)by plotting
y~R (trajectorystartingordinateat infinity)asa functionof sIR

(angleofimpingement,radians),as showninfigure13 (obtainedfrom
ref.1). Theslopeofthiscurve(seeeq.(22))atanyvalueof s/R
yieldsthevalueof 13atthatpoint.A seriesof curvesof p (ref.
1)areshowninfigure14plottedasa functionof 0 forseveralsets
ofimpingementconditions(combinationsof K and q). An averageof
the Q = 1000groupandthe q= 10,000grouphasbeencross-plottedby
theuseoffigure15 (fromref.la)

expressedasa functionof 19and
curvesinfigure16areessentially
g 10,000,andarerequiredlaterin
impingementdata.

resultingin !3e,em (where’P is[1em)as showninfigure16. The
independentof T for1,000= 9
theanalysisoftheexperimental

aInobtainingfigure15ofthe
reference1,thecurvesoffigure7

presentreportfromfigure7 of
wereextrapolatedtopassthrough

em=o at K=l/8. Inthisextrapolation,theexistenceofa critical
valueKc of K (Kc= 1/8forcylinders)wasassumed.Reference2
statesthat,forconditionsspecifiedbyvaluesof K lessthan Kc,
no droplets,eventhoseapproachingalongtheairstagnationline,will
impingeonthebody;andifallimpingementconditionsexceptdroplet
sizearespecified,thereisa criticaldropletsize ~ whichwill
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Langmuirsuggested(ref.13,p. 4)thatit
determinedropletsizeby comparingtheoretical

17

mightbe possibleto
trajectoryresultsfor

cylinderswithexperimentalmeasurementsofrimeicethicknessona
cylinder.Iftheoreticaltrajectoryresults(suchasthoseinrefs.1
and2)werecomparedwith VP valuesobtainedfrommeasurementsofice
thickness,theresultswouldbe of doubtfulvalue,sincethepresence
oftheicewouldchangetheeffectivecontourofthecylinderandin-
validatetheapplicabilityofthetheoreticalresults.Thedye-tracer
methoddoesnotinvolveanyappreciablechangein cylindercontourand
consequentlyisa morereliablesourcefor Fp values.Inthefollow-
ingmethod,theexperimental~P valuesfora cylindersreconibined
withthetheoreticalcurvesoffigures15and16to determinethedrop
sizedistributionfora givensetof impingementconditions.(whereq
isknownand K isa knownfunctionofthedropletsize).Thebasic
equationwhichmustbe solvedto determinethedropletsizedistribu-
tionis obtainedby multiplyingbothsidesof equation(14)by
0.329V.wt which,withequation(10),resultsin

fip [e]= 0.329V.
J.-’ ‘[%d ‘w (23)

Thesubscriptbracketnotationindicatesthat fiPisa functionof 19
andthat B isa functionofboth 19and 19m(fig.16). Eachvalue
ofdropletradiusdeterminesa valueof K fora cylinderwhich,with
q, specifiesa valueofa limitofimpingementem (fig.15);hence,
theproblemof obtainingdropletsizeasa functionofwalercontentw
isreducedtotheproblemoffindingw asa functionof em. The

resultin K = Kc. It isshowninreferences2 and3 that Kc varies
withbodyshape,dependingpr=ily ontheflowfieldnearthestagna-
tionregion.Becauseofthephysicaldimensionsofthedroplet(the
dropletis consideredtobe a pointinthetheoreticalanalyses),the
actualexistenceofthiscriticalconditionappearstobe qyestionable~
andno rigoroustheoreticalor experimentalproofofthephysicalphe-
nomenonoccurringwhen K z ~ hasbeenpresented.Theapproximate
equationofmotionofthedropletdoeschangeform,however,when K = Kc.
Whentheaccuracyofthetheoreticaldataforsmallvaluesof K is con-
sidered,itappesrsreasonableto extrapolatethecurvesto agreewith
thecriticalK concept.Fortheanalysispresentedherein,ithasbeen
assumedforsimplicitythatthereisa criticalK equalto 1/8forcyl-
inders.Thisassumptiondoesnotaltertheresultsappreciablyfromthose
whichwouldbe obtainedby assumingthat em approacheszeroasymptoti-
callyas K approacheszeroinfigure15.
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equation(23)for 13masa functionof w isa dif-
thecalculusofintegralequationsbecausetheunknown

functionisneitherfiPLe]nor 13[em,e].1{ isnecessaryto determine

a relationbetween19mand w suchthatequation(23)willbe satis.
fiedforanyvalueof 0. A methodhasbeendevelopedbywhicha close
approximationtotheexactmathematicalsolutionmaybe obtained.The
followingstepsdescribetb3.smethod,andthemethodisparalleledby
a numericalexsmpleinappendixC: ,

Step1: Dividea typicalexperimentaltipagainste curvefor
a cylinder(solidline,fig.17)intoarbitraryincrementsof e, as
shownby theverticaldottedlinesinfigure17. Thevaluesof VP are
obtainedfromthedyetraceon segmentstakenfromblotterssuchas
showninfigure12. Alsoshowninfigure17arethecontributionsto
tipofeachdropletsizegroup(dashedcurves),thedeterminationof
whichwillbe discussedinthefollowingparagraphs.

Step2: Assumethattheunknownw against19mcurveis composed ,.

ofa block-typedropletsizedistributionlikethedashedlinesinfig-
ure18,whereeachdropletsizegrouphasa em equalto oneofthe
arbitrary13 valuesassignedinthefirststep,thatis,

‘%2=*2

}
. . . . . . . .

‘%=*5
. J
muststillbe determined.Thevalueof Aw foreachgroup,huwever,

Alsoshowninfigure18isa solidcurverepresentinga fairingofthe
block-typedistribution.

Step3: The ~P valueobtainedby analyticallyweightinga block-
typedropletdistributioncurvefor w againstem mustbe equalto
theexperimental~P valueat eachofthechosen.9 values.

Thethhd stepdeterminestheamountAwl ofwatercontainedin
dropletsof size al specifiedby *ml becauseallwaterhittingfrom
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62<0 <e~ (fig.17)is

19

madeup of dropletsof sizespecifiedby 13ml
(condition2,preceding).Therefore,at 02 whereonlydropletsof
sizespecifiedby em, impinge,equation(23)maybeusedand Prem,el
becomestheconstmt‘p ,g

[we’]‘d ‘t ‘s‘w”
~u-~

or

0“32’‘0‘h% ‘w’

(24)

Thusthemagnitudeof *W1 is determinedandthevalues6ml and Awl

describethefirstdropletgroup,whichis indicatedasthebottomblock
infigure18.

Afterthevalueof *W1 hasbeendetermined,the Wp valuecon-

tributedbythefirstgroupcharacterizedby19mland al maybe deter-

minedforallvsluesof e, sinceequation(23)showsthat

(25)

[1where 9 e e isdeterminedfromfigure16. [1‘P%1)ml2 e canthen%e

indicatedastheheightofthebottomdashedcurve(curve1) infigure17.

ThewatercontentAlT2forthenextdropletsizegroupnowmaybe
determined,sincefor 03~ O < G2 onlydropletsofwoup (1)andQOUp
(2)hit. At O = 03 theamunt of VP dueto goup (1)hasalready
beendeterminedlyequation(25).Therefore,at 03 theamount

% pm2)03] dueto group(2)is

. .. ..—.——..— ....z~————.— .-—.. —.- .————_ .—.. . -



20 RACATN 3338

“PpIn2Y6’3]= ‘W31 - ‘fpl#33]
(26)

asindicatedinfigure17. Thisvalueof W~ 6 0[1 determinesAW2,
m2~

since

‘T’%”d
~2 = 0.329VO ~ 0

[ m2’e31

(27)

Thevalueof ~ againis determinedfromfigure16at em = 19m2 and

e = e3. Thesecondgroupmaythenleindicatedasanotherblockin
figure18.

Thevalueof W~ duetothesecondgroupmaybe determinedforall
valuesof 19andindicated’asthedifferenceinheightbetweendashed
curves1 and2 infigure17,since

“’[~2’el [ %’e]
= 0.329VOAW2 ~ 6 (28)

where ~ isobtainedfromfigure16.

Theamountofwateri@in@ng at 64 duetothethirdgroupmay
thenbedeterminedbecausetheamountsofwatercontributedbythefirst
andsecondgroupsofdropletsizesarekno~m.

(29)

Thevalueof AW3 isthendeterminedlyanequationsimilarto equa-
tions(24)and(27).Thisprocessiscontinueduntila valueof Aw
hasbeendeterminedforeachdropletsizegroup.Eachgroupwithits
contributionto”thetotalwatercontentis indicatedasa blockin
figure18.

Theblockdiagramoffigure18isanapproximationofthedroplet
sizedistribution(in,termsof em)towhichthecylinderwasexposed.
Thisapproximationisinaccuratetotheextentthattheweighted~P
(thesumofth~heightsbetweenthedashedcurves,fig.17)eqwls the
experimentalW~ onlyattheselected19points.Smallincrementsof
6 maybe takento causetheweightedVP curveto appromte the

— .— —.. —
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experimentallipcuxveto anydegreeofaccuracydesired.;however,
satisfactoryresultsmaybe o%tainedby a fairedcurvebasedononly5
or 6 increments,as shownby thesolidcurveinfigure18. Thisfaired
curveisreasonablyindependentofthechoiceof O incrementsand
whenitisusedtoweightW6,as describedina previoussectionof
thisreport,a verycloseapproximationto theexperimentalfiPcurve
isobtained. -.

DETERUNATIONOFCLCUDLIQUID-WATERCONTENT

As previouslydiscusse~thedatafromthesolidcurveof figure18
maybe replottedintermsof dropletradiusandcumulativeliq@d-water
contentas showninfigure19. Thedropletsizedistributioncurvein
figure19 isdefinedonlyfordropletsizeslargerthan ac;thevalue
of ac dependsonthediameterofthecylinderused. Completionofthe
droplet-sizedistributiontive throughtheuseofprogressivelysmaller
cylinders(withaccompanyingsmallerac values)isindicated.This
procedurewoulddefinea greaterportionofthedropletsizedistribu-
tionandalsoresultina valueof w at ac whichwouldapproatithe
totalliquid-watercontentofthecloudwt. BecauseitiStipractical
to obtainlocalwaterimpingementrateson verysmaU cylinderswiththe
dye-tracertechnique,thetotalliquid-watercontentwt wasobtained
by a simpleaspiratingdevice.Detailsofthisdeviceanditsusein
obtainingthetotalliquid-watercontentarepresentedin appendixB.

RESULTS

Theexperiment~ldataarepresentedintermsoflocalratesof
waterimpingementWp asa functionof cylindercentralangle 0.
Thesedatawereanalyzedtoobtainthedropletsizedistributionofthe
impingingcloudbyuseofthemethodoutlinedina previoussection.“

Localimpingementratesandimpingementlimits.- Thelocalim-
pingementratestipforthethreecylindersas determinedfromthedye
tracesby useofequation(19)areshowninfigure20asa functionof
thecylindercentralangle O forthreeair-waterpressureratioset-
tingsofthespraynozzles.Itisa~arentfromthisfigurethatfora
givendropletsizedistribution(ftiedair-waterpressureratio),the
smallestcylinderyieldsthehighestlocalimpingementrates.Thelocal.
impingementrateforeachcylinderalsoincreaseswithincreasingdrop-
letsize(asindicatedbythedecreasingair-waterpressureratios).
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O) onthecylindersforthespray
fig&e 20. Itisapparentthatas

thecylindersizeisdecreased,theimpingementona cylinderoccurs
overa greatercylindercentralangle e. Theaveragelimitof impinge-
mentforthreerepeatrunsasdefinedbythecentralangle

‘*
varies

withtheair-waterpressureratio.Forthe6-inchcylinderthelimitof
impingementchangesfrom46°to 74°fora changeinair-waterpressure
ratiofrom0.8to 0.5. Comparablevaluesforthe2-inchcylinderare
70°and84°.

Maximumdropletsize.- Themsximumdropletsizeisdeterminedfrom
theexperimentalimpingementlimit(FP+0, fig.20)by therebtionof
e~,K, and q showninfigure15. With q and 13mknown,thedroplet
sizecanbe read31ycalculatedfromthe K parameter.Althoughthe
maxhumdropletsizeobtainedfromdifferentcylindersizesatthesame
sprayconditionvariessldghtly(thesmallestcylinderyieldsa somewhat
largerdropletsizevaluethanthelargestcylinder),dropletsizedif-
ferencesarewellwithintherangewheretheexperimentalimpingement
limitcanbedetermined.At largevaluesof em,theslopesofthe
theoreticalK againstem curves(fig.I-5)indicatelargechangesin
K foronlysmallchangesin em~hence,a smallerrorin em will

=fythe ’errorin K ortiopletsize.Ingeneml,therefore,the
maximumdropletsizeshouldbespecifiedbycy~ndershavingthemaxi-
mumanglesofimpingementina rangewheretheslopeofthe K against
em curveis steep(i.e.,themaximumdropletsizesdeterminedb~the
largestcylindersusedhereinaremorereliablethanthosedetermined
by thesmallestcylinder).Themaximumdropletsizes,basedonrefer-
ence1,asa functionoftheair-waterpressureratiosxesummarizedas
follows:

W-water Maximmdropletradius,
pressure a,microns
ratio (averagefor3 repeats

on 6 in.cylinder)

0.5 28.0
.6 20.4
.8 11.9

An analysisusingthe K againstem curvesofreference2 indicates
amaxinmmdropletsizeapproximately15percentgreaterthanthatol-
tainedwiththedataofreferencelj however,thispercentagedifference
indropletsizeisgenemllyinaccordwiththedifferencesexisting

,..

betweenthesetwotheoreticalstuties.
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Dropletsizedistributionandtotalliquid-watercontent.- The
cumulativeliquid-watercontentcontainedinthespraycloudmayhe de-
terminedasa functionof dropletsizefromtheresultsoffigure20by
theprocedures.discussedinthesectionMETHODFORD~GDROPIJFI
SIZEDISTR133UTION.A detailedexsmpleofthenumericalproceduresis
giveninappendix’C.Thecurvesof cumulativeliquid-watercontentw
asa functionofti=pletradiusa basedonthetheoreticalcurvesof
“figures15and16 (ref.1)forallthreecylindersareshowninfigwre

N 21forair-waterpressureratiosof0.5,0.6,and0.8. Infigure21,
: inthelargedropletsizerange,thescatteramongtheresultsfromthe

threedifferentcylindersizesata constantsprayconditionisofthe
sameorderasthescatterbetweenrepeatrunsofthesamecylinders.
“Forsmalldropletsizestheseparationoftheresultsrelativeto cyl-
indersize(hereinafterreferredto as”’fcylinder-sizetrend”)is quite
evident.Thiscylinder-sizetrendshouldnotexistsince,at constant
sprayconditions,thecloudhasonedropletsizedistril@ion.similar
w againsta curvesareshowninfigure22basedonthetheoretical
dataofreference2. In general,thesecurves(fig.22)arein agree-
menttiththoseobtainedusi@ reference1 (fig.21);however,thedrop-
letsizesareslightlylargerandthecylinder-sizetrendinthesn@l
dropletsizeregionisnotsoa~rent. Thedifferencesnoted(between
figs.21and22)areagaincausedbythedifferencesinherentinthe
theoreticalresultsofreferences1 and2. Becausemoredatapoints
axepresentedandtheaccuracyofthetitsis stated,reference1 will
be usedhereinafterratherthanreference2 asa’basisforthesubse-
quentresults.

Inobtaininga singlecurvewhichisthebestrepresentationof
theactualdropletsizedist~ibutionexistinginthetunnelfora given
setof sprayconditions,itisreasonabletouseanaverageofthenine
curves(threerepeatstimesthreecylindersizes)inthelargerdroplet
sizerangewheretheresultsfromallthreecylindersizesarein
reasonableagreement.In’therangeofthesmallerdropletsizes(a< 6
microns,seefig.21),itappearsthatthetheoreticaldataarenot
strictlyapplicablebecausea differentdropletsizedistributioncurve
isobtainedforeachcylindersize.H&ever,theendpointofthedrop-
letsizedistributioncurve(a= O,w =wt) is single-valuedand’is
specifiedbythe wt valuesobtainedwiththeaspiratingdevice.The
averages(forseveralrepeats)ofthetotalliqqid-watercontentwt
obtainedwiththeaspiratorme sunmmrizedas follows:

————. . —. ..——____ _ —. —. ———— — —.—-.—— —
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0.5 0.70
.6 .58

I .8 1 ,43 .

BecauseofthecylJnd.er-sizetrendfordropletradiilessthanapproxi-
m
k

mately6 microns(fig.21),a straightUne wasfairedbetweena.6 N
micronsandthetabulatedvalueof wt foreachpressureratio.The
resultsofthisinterpretationofthedataareshowninfigure23;the
reasoningunderlyingthisinterpretationispresentedintheDISCUSSION
section.

Volumemetiandropletsizeanddimensionlessdistributioncurves.-
Oneofthemoreusefulimpingementparametersin correlatingdroplet
sizedataisthevolumemetiandropletsize(ref.2). Forthethree
pressureratiosgiven,thefollowingvolume-mediandropletsizesareob-
tainedfromfigure23:

Air-water Volumemediandroplet
pressure radius,a,microns
ratio

0.5 7.4
.6 6.0
.8 3.8

Dropletsizedistributionsareoftenplottedintermsofthedimen-
sionlessratioof dropletsizetothevolume-mediandropletsize al%ed
asa functionofpercentcumulativevolumeofwaterinthecloud.A
plotof a/~ed asa functionofthepercentcumulativevolumen = w/wt
forthethreeair-waterpressureratiosis showninfigure24. Although
theexperimentalcurvesarenotidentical,thedeviationsarebelieved
smallenoughtowarranttheappro-tion thatthethreeair-waterpres-
sureratiosusedproducesubstantiallythe
sizedistribution.

DISCUSSION

Sme tiensionlessdroplet

Theimpingementdataobtainedbyuseofthedye-tracertechnique
areconsideredvdi.djhowever,certainMscrepancieswhichcausedevia-
tionsbetweentheexperimentalresultsandtheoreticalanalysesrequire
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clarification.Theapparentcylinder-sizetrend,shownin figure21,
shoudnotoccurfora givensprayconditionsinceallthecylindersare
exposedtothesamecloud.Probablereasonsforthecylinder-sizetrend
appeartobe a conibinationof (1)theeffecton dropletdragof droplet
acceleration(ref.14)and(2)thedifferencebetweentheflowfield
abouta cylinderassumedinreferences1 and2 (idealfluidflow)and
theflowfieldexistingintheexperimentalstudies.(Refs.land2
assumethatthedragcoefficientisa functionofonlytherelative
Reynoldsnuniber;however,reference14 showsthatthedragcoefficient
isalsoa functionoftherateof changeoftherelativeReynoldsnumber.)
Theeffectondropletdragof dropletaccelerationin’theflowfieldis
to increasethedragcoefficient,resultinginreducedlocalimpingement
rates,totalcollectionefficiencies,andlimitsof tipingement.This
effectwillvarytithbodysizebecausea dropletexperiencestheaccel-
erationfora longertimewhileintheflowfieldcausedby a largebodyj
hence,theeffectsmaybe greaterforlargebodiesthansmallbodies.
Theeffectofaccelerationdragshouldalsobe lessnoticeableforlarge
dropletswhicharenotacceleratedsomch as small.droplets.Conse-
quently,accelerationdragwouldtendtoproducea cylinder-sizetrend
showninfigure21.

A comparisonofthetheoreticalandexperimentalsurfacevelocities
on cylindersisshow-ninfigure25. It isappsrentthatthelocalvel-
ocityratios-differovertheentirecylindersurface.Theearlysepara-
tionoftheflow(8= approximately50°)andthedeviationof velocity
ratiofromthetheoreticalvalues(e<50°)aretypicalofbluffbodies
studiedinotherwindtunnels(ref.15). Thedifferencebetweenexperi-
mentandtheoryis dueto thepresenceof a bluffbodyin a nonideal
fluidandispossiblymagnifiedbythetunnelair-streamturbulence
level.Theseconsiderationsindicatethatsuchlargedifferencesin
local.velocityonthecylindermaymeanthattheflowfieldaheadofthe
cylinderis alsoconsiderablydifferentfromthetheoreticalflowfield.
Consequently,theactualdroplettrajectoriesmaybe differentfromthe
theoreticalcalculationsofreference1 andmaycontributetothe
cylinder-sizetrendshowninfigure21. In viewofthepossibleeffects
ofaccelerationdragandflowfielddeviations,theagreementoftheex-
perimentaldatashowninfigure21appearsreasonable.

Additionalfactorsthathavebeenconsideredto accountforthe
cylinder-sizetrendinclude:dropletevaporationeffects,splatterof
dropletsonblotterpaper,effectofblottertextureon localwater
catch,oscillationorpulsationof spraycloudintheairstream,initial
relativevelocitydifferencesbetweendropletandair,dropletdistortion
effectson dropletdragcoefficient,boundarylayerconsiderations,and
accuracy(withregardto themechanicsoftheanalyzer)ofthetheoret-
icaltrajectories(ref.1). Evaluationsoftheeffectofthesefactors
onthecylinder-sizetrendallindicateda negligibleeffectoran effect
thatwouldproducea minortrendoppositetothatobtainedintheexperi-
mentalstudy.

.- .—. . .— ..--._ ____________ ._ -.. ——. ——.-—— ._. -
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As statedintheRESUZTSandpresentedinfigure23,a straight
13.newasassumedto definethedropletsizedistributioncurvesbetween
dropletradiiofa~roximately6 andO microns.Theextremitiesofthis
fairingappearreasonablywelldefined:(1)Analysisofdropletsize
valuesfromallcylindersinfigure21areingeneralagreementfor.
a > 6 micronsand(2)at a equalto zeroinfigure23,thevalueof
totalliquid-watercontentfromtheaspiratoris consideredvalid.Be-
tweendropletradiiof 6 andOmicrons(seefig.23),threegeneralfair-
ingsarepossible:(1)a straightlineas shown,(2)a concavefairing,
or (3)a convexf~ing. Theconcavefairingwouldindicatethatthe
cloudcontainsa multitudeof extremelysmall(oftheorderof a = 1
micron)dropletsandveryfewdropletsoftheorderofradius2 to5
microns.Theconvexfairing,ontheotherhand,wouldindicatea Wge
mmiberofdropletsoftheorderof2 to 5 microns.inradiusandveryfew
dropletslessthanabout2 micronsinradius.

As previouslyshowninfigure21,thedropletsizedistribution
curve(obtainedwiththetheoreticaltrajectorytitsofref.1)ap-
proachestheconcave-typefairingfordropletsizes<6 micronsin
radius;however,eachcylindersizeindicatesa considerablydifferent
concavefairingof dropletdistributiondataforthesanespraycondi-
tion. Thiscontradictionmakesanyfairingbasedonthesetheoretical
trajectoriesunreliableinthisdropletsizerange.

Itshouldbepossibleto obtainvaluesoftotal.liquid-watercon-
tentfromtheexperimentallydeterminedimpingementratesonthegrid
ribbonsby usingthetheoreticaltrajectorydataofreference2. Ifthe
wt valuessodeterminedareto agreewiththe wt valuesobtainedtith
theaspiratingdevice,thedropletsizedistributioncurve(intherange
of~opletsizes<6 microns in ratius) wouldnecessarilyrequirea con-
cavefairing.However,thetheoreticaltrajectoryresultsfora ribbon
(ref.2)aresubjectto thesamelimitations(suchasneglectingaccele-
rationdragetc.)whichareinherentinthecy13ndertrajectories(ref.
1)andwhicharehe~evedresponsibleforthecyMnder-sizetrendshown
infigure21. Thetheoreticaltrajectorydataforribbonsandcylinders
thereforearenotconsideredanadequateguideinfairingthedroplet
sizedistributioncurvesoffigure23fordropletradiilessthanapprox-
imately6 microns.

Inthesmalldropletsizerange(a<6 microns),unpublisheddata
fromoiledslidesanda dropletsamplercurrentlybeingdeveloped,al-”
thoughsubjectto smqplingerrorsduetounreliablevaluesof collection
efficiency,showno indicationofa concave-typedropletsizedistribu-
tion. Thesedataindicatea convexshapeorpossiblya straight-line
fairing.

Ingeneral,anabruptlackofdropletsizesoftheorderof 2 to 5
micronsinradiuscoupledwitha multitudeofdropletslessthan1 micron ,
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inradiusappearstobe improbable.Ontheotherhand,a distribution
ofdropletsizesfrom6 micronsinradiusdownto somefinitebutlimit-
ingsizesuchas 1 or 2 micronsinradius(convexdistribution)appears
feasiblewithanair-atomizingnozzleofthet~e usedherein.

Becauseallavailableevidencesupportingtheconcave-typefairing
fortherangeofdropletradiilessthanapproximately6 micronsinfig-
ure23appearscontradictoryandbecausetheexperimentalevidencesup-
portingtheconvexfairingisinsufficientto determinetheextentto
whichthecurveshouldbe convex,thestraight-line(&shed)fairingof
figure23isused.

Theaccuracyofdeterminingdropletsizedistributionby theuseof
thedye-tracertechniquetogetherwiththeoreticaltrajectorydatacould
be definitelyestablishedifanaccurateinstrumentwereavailableto
measuredirectlya representativesampleof alldropletsizespresentin
theexperimentalspraycloud.Thepresentstateofdevelopmentofthe
csmera(ref.16)ortheoiled-slidetechnique(ref.17)formeasuring
dropletsizeisnotconsideredsoadequatea meansfordeterminingdrop-
letsizeastheindirectmethodhereindescribed.

CONCLUDINGREMARKS

A techniqueforexperimentallydeterminingtheimpingementcharac-
teristicsofan srbitrarybodyanda methodwherebythedropletsize
spectrumofthespraycloudcanbe determinedfromtheexperimentalim-
pingementon a bodyforwhichthetheoreticaltrajectoriesaretiown
havebeendeveloped.Thesedevelopmentspresentano~ortunityto study
experimentallytheimpingementcharacteristicsofothershapessuchas
airfoils,radomes,inletcowlings,andasymmetricalbodies.Although
analyticaltrajectorystudiescanbe madeforthesevariousbodies,the
problemsassociatedwiththedeterminationoftheflowfieldsandcon-
sequentdroplettrajectoriesoftenprovedifficultandtedious.Useof
thedye-tracertechniqueforarbitraryshapesinanysuitabletesting
facilitywouldproceedas describedhereinforcylinders:Thedroplet
sizedistributioninthespraycloudwouldbe establishedusingbodies
forwhichthetheoreticalimpingementcharacteristicsareknown,while
an aspiratingdevicesimilarto theonedescribed(appendixB)maybe
usedforthedeterminationoftotalliquid-watercontent.Theunknown
bodywithblotterthenwouldbeexposedandanalyzedforlocalratesof
waterimpingement,includingthedeterminationofthemaximumextentor
limitof impingement,andintegratedfortotalcollectionefficiency.

Impingementlimitsandcollectionefficiencysxeoftenpresented
intermsof K and q (whereK isindicativeoftheinertiaofthe
dropletand Q representsthedeviationofthedragforcesfromStokes~
law)forcorrelatingimpingementcharacteristics.Langmuirhassuggested

.-— .—..— .———.—___ — _.. —.___ .
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theuseofa modifiedK parameter.Reference18discussesandillu-
stratespretiousanalyticallydeterminedimpingementdata forcylinders,

[airfoils,ribbons,spheres)intermsofa ~ parameter~ = (?@8)K)
where A isthetruerangea dropletwouldhavewhenprojectedinto
‘stillairand & istherangeofa dropletobeyingStokeslaw. Plot-
tinga dependentimpingementparameter,suchastotalcollectioneffi-
ciency,asa functionof ~ yieldsan essentiallysingle-valuedcurve
(formostofthesimplebodiesforwhichtrajectoryresultsarepresently ~
available)independentof Q, thiscurvebeingtheStokesflawsolution. *
The*ension or interpolationofexperimentalaswellas analfiicaldata &
pointsovera widerangeofthepertinentimpingementvariables- droplet
size,bodysize,speed,andaltitude- isgreatlyfacilitatedbythis ~
parameter?eventhoughnorigoroustheoreticalproofofthesi~ficance
of Ko isavailableat thistime.

Thedimensionlessimpingementparameterspreviouslydiscussed(K,
~yV>ReO~and ~) arepresentedinthe~tera~e intermsOf CIOUdE
containingdropletsofthesamesize.Analyticalcalculationshaveshown
thatthepresenceofa dropletsizedistributiondoesnotaltertheuse-
fulnessofthe ~ parameterifit isevaluatedwitha pertinentcloud
characteristic.Usingvolume-medianor -maximumdropletsizeofthedist-
ributionto calculate~ willtendtoreducetotalcollectioneffi-
ciencyorlimitofimpingement,respectively,to single-waluedcurves
(Stokes’lawsolutions). T-hetotalcollectionefficiencycurveasa
functionof (Ko)medfora dropletsizedistributionwillbe somewhat
skewedfromthatobtainedwitha uniformdropletsizespectrum;the
amountofskewdependsonthedropletsizedistribution.Reasonableex-
tensionandinterpolationof experimentaldatafor”conditionsotherthan
thosestudiedispossiblewiththe ~ parameter.

Furtheranalysishasshownthatthedependentimpingementparameters
forthecaseofuniformdropletsize(suchas ob~aifiedfromtrajectory
results)maybe obtainedfroma seriesofexperimentalimpingementrate
curves@O agai~t s/L)whentheexperimentaldropletsizedistribution
isknown.”Themethodrequirescurvesof fiBagainsts/L,whichmaybe
obtainedby thedye-tracertechniqueforeither(1)onebodyinthepres-
enceof several(sayaboutsix)different,butknown,dropletdistribu-
tionsor (2)severalsizesofthebodyinthepresenceofonedroplet
distribution.Themethodof calculationisa step-wiseapproximation
andmaybe derivedby methodssimilwtothoseusedforobtainingthe
dropletdistributioninthesectionMETHODOFD~ G DROPLET-SIZE
DISTKCRJT’ION.Theresultsof suchananalysiswouldbeusefulin (1)
calculatingtheimpingementratesfora bodyina cloudof arbitrary
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dropletsizedistribution,and(2)determiningwhethertheassumptions
usedintheoreticaltrajectorycalculationsarevalid.Thisdetermina-
tionrequiresan independentmeans(reliableinstrument)for-measuring
thedropletsizedistribution.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,November3,1954

. ...— .— .. ——————. — ..- — .
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APPENDIXA

SYM80LS -

Thefollowingsynibolsareusedinthisreport:

area,sqft

area(perpendicularto airstream)at x = - =, sqft

dropletratius,microns(3.281X10-6ft)

volumeofwaterusedto dissolvedyefromblottersegments,nil.

percentconcentrationbyweightof dyeinwatersolutionusedin
lb dye lb dyespraysystemlb solution

x100percentz X lCOpercentlbwater

totalcollectionefficiencyin cloudsofuniformdropletsize
.

definedbyeq.(l),dimensionless

inertiapsmmeter,
2.19x10-10a%.

G’
dimensionless

A
modifiedinertiaparmterj ~K~ ~eusio~ess

a significantbodydimension:chordlengthofairfoil,radiusof
cylinder,one-halfribbonwidth,f%

localdyecollectionrate,lb/(hr)(sqft)

cumulativefractionoftotalliquid-watercontent= Wlwt>
dimensionless

trueconcentrationof solutionobtainedfromblottersegments,
w we

ml solution

cylinderradius,ft
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free-streamReynoldsnumberwithrespe’ctto droplet,
9.62x10-6apVo “

P
= fi, dimensionless

distancealongsurfacefrompointofreference,ft

exposuretire, sec

freestream

totalwater
lb/(hr)

localwater

velocity,mi/br

impingement

impingement
lb/(br)(sqft)

cumulativeliquid-water

rate

rate

in cloudofuniformdroplet

in cloudofuniformdroplet

contentcontainedindropletsof

31

.

size,

size,

sizes
from & to anyparticulardropletsize,g/cum

totalliquid-watercontentof cloud,g/cum

abscissaof coordinatesystemparallelto free-streamvelocity
direction,ft (seefig.1)

ordinateof coordinatesystemperpendicularto free-streamvel-
ocitydirectionat x ~ - ~,-ft-(seefig.1)

localcollection
definedbyeq.

centralangleof

efficiencyincloudofuniform
(4),dimensionless

cylindermeasuredfromx-axis,

dropletsize,

57.3sIR,deg

truerangeof dropletas a projectileinjectedintostillair,ft

=e ofdroPletS.Sa ProjectilefolJ-ow@Stokes’law,ft

viscosityofair,lb/(ft)(sec)

densityofair,lb/cuft.

0.423Pti&
independentimpingementparsmeter, , dimensionless

w

_. .._ .- ___.-z -..-= —..— —..—— — — -.
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$ independentimpingementparameter,4.4OX1O4*
a , dimensionless

Subscripts:

c criticalconditionforimpingement

f frontal,projectedparallelto free-streamvelocitydirection

m tangenttrajectory

med volumemedian

max maximumdropletsize

s surface

0,1,-. particularvaluesofa variable
z,a,n

[1 brackets

Superscript:

weighted

denotefunctionalnotation

valuedueto effectsofmorethanonedropletsize

—
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APPENDIXB

DESCRITI’IONOFASPIM!TING

An aspiratingdevicewasusedto obtain

DEVICE

measurementsofthetotal
liquid-watercontentofthecloud.Thisdeviceconsistedessentially
ofa tubewhichsuckedintheapproachingairandclouddropletsatthe
free-stresmvelocity(inletvelocityratio,1.0)sothatboththeair
streamlinesanddropletsenteredthetubealongstraight-linepaths.
Allthedyeddropletsweredepositedona filtermountedwithinthe
tube,leavinga dyetracewhichcouldbeanalyzedcalorimetrically.

Theinlettubeconsistedof stainlesssteeltubing(10-byl/4-in.
O.D.by 0.014-in.wallthickness)withthefrontendtaperedtotheinter-
‘naldiameter.Behindtheinlettubewasa diffusersectionincreasingin
I.D.to 3/4inch.Theincreaseincross-sectionalareadecreasedthe
velocitythroughthediffuser,andconsequentlyreducedthepressure
dropinthefollowingsectionwherethefiltersweremounted.The
filtersconsistedof smallcircularclothpadsspacedabout1/16inch
apartaxially.A sufficientnumberoffilterswereusedsothatafter
exposuretherearmostfilterwasalwaysfreeofdye,indicatingthatno
dyepasseddownstreamofthefiltersection.Airflowthroughtheaspi-
ratingdevicewasobtainedby theuseofan ejectorattachedaftofthe
filtersectionwithanexhaustline.Thesuctioninthisexhaustline
couldbe regulatedto adjusttheweightflowthroughthetube. The
pressurewasmeasuredwitha statictapontheinsideoftheinlettube
.3/4inchfromthefrontend. Thetaphadheencalibratedto givepres-
sureasa functionoftheweightflowthroughthetubeandwasusedas
an indicatorforobtaininga weightflowequivalentto an inletvelocity
ratioof1.0. Thedevicewasmountedinthetunnelwiththeinlettube
parallelto andfacingintotheairstream.Thesuctionintheexhaust
linewasadjustedto obtainthecorrectinletvelocityratio,andthen
thedevicewasexposedtothespraycloudinthesamemannerasforthe
cylindermodels.Afterexposure,thefilterswereremoved,andthedye
inthefiltersalongwithanydyeleftontheinsideoftheinlettube
anddiffuserwasdissolvedintoa knownquantityofwater.Theconcen-
trationoftheresultingsolutionwasmeasuredcalorimetrically.

Eqwtion(19)wasmodifiedto evaluate
theaspiratingdeviceasfollows:

where

.,

,

therateofwatercatchfor

- .— . .—-. ..—— ..-— .—_—-——- —. --- — —-.—. -— -. —---
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T$ totalrateofwatercatcham dividedby frontalarea ~ of in-
sidecrosssectionoftube

P* effectiveconcentration(mg/ml);also
becauseonlya negligiblemount of
solution

consideredtrueconcentration
filterfiberswerein

b* totalamountofwater(ml)usedto dissolvedyefrominside
ofdeviceandfilters

%* equaltofrontalarea ~ ofinsidecrosssectionoftube

the

walls

Becauseallthedropletsdirectlyaheadoftheinsidecross-
sectionalareaofthetube~nterthetube(straight-linetrajectories),
thecollectionefficiency~ oftheaspiratingdeviceis1.0,andthe
IT valuemaybe usedinequation(9)to determinethetotalliquid- I;
watercontentofthecloud:

tim
W* =

0.329V&~

g
?

0.794#b*
‘ 0.329V& = 0.329tc&*Vo 1.0
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NUMERICAL

APl?mmx

EXAMPLEOFD~ION

EXPERIMENTALLOCALWATER

OFDROPLETDISTRIBUTIONFROM

IMPINGEMENTRATE

The ~R valuesforthisexampleareobtainedfromtherepeatcurve
forthe2-i~chcylinderinfigure20(a).Forthesedata,K = 0.0387a2
and Q = 2800.

A convenientsetupforusein calculatingthedropletsizedistri-
butionis shownintableI. Thefirstcolumnrepresentsthearbitrary
valuesof @ atwhichthe fiPcurvewasdivided.Thesecondcolumn
representsthecorrespondingvaluesof fip(i.e.,~p[e3j= 2.99).The

toprowrepresentsthevaluesof Bm,eachequalto a L9 valueandeach
specifyinga dropletsizegroup.Inanybox,determinedby theinter-
sectionofa e rowanda em column,thenumberabovethediagonal
lineisthevalueB forthatvalueof em atthatvalue-of e as de-
terminedfromfigure16 (i.e.,~ e[m#7]=P[400,200]=0.335). Thenum-
berbelowthediagonallineinanyboxisthecorrespondingvalueof W6
(whichispartof fi~atthatvalueof e). Theobjectofthecalcula-
tionisto determine”thevaluesof ATT inthesecondrow. Theprocedure
outlinedintheMETHODOFANALYSISsectiongivesthefollowingresults:

Awl= Weml’e4 0.62

0“329‘0 ‘[eml’e4=57”6(0”237)=0“@54
(24)

‘Pemlj[ ‘1=(57.6Aw~)~ @
[ml’el=

~ = (57.6)(0.0454)(0.237)= 0.62fore2

Beneathdiagonalline

{

= (57.6)(0.0454)(0.406)= 1.06fore3
in eml column . . . . . . . . . . . . . . . . . . .

~ = (57.6)(0.0454)(0.942)=2.46foreg (25)

—. _ .——.——.-— - .— — ——— — ---
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Forsulmequentdropletsizegroupsthenumeratoroftheequationfor
Awn isthe VP at en+l minusthesumofthe WP valuescontributed
by theprecediU.gdropletsizegroupsintheparticularGn+l row.

Group2:

%[%2>e3] ‘v’~e3~-w’[em1’e31=2”g9-1*0’=1”’3 ‘2’)

AW2
‘P[em2)e3]

‘0.329V0 ~ 6
[9’631

Wpem2,e][
.57.6XAW2 ~ e

[ m2”l =

1.93
(57.6)(0.183)= 0.183 (27)

/
= 57.6(0.183)(0.183)=1.93for63

\

= 57.6(0.183)(0.W)=3.63 for64
Beneathdiagonalline
in e

%?
column . ...0. ● ****” ““””” “

= 57.6(0.183)(0.814)= 8.58for69 (28)

Group3:

= 6.50- (1.45

‘TP[em3~e4]
Av3= ().329VO ~ 8

[m3’e41

+ 3.63)= 1.42

1.42
= 57.6(0.187)

= 0.132

‘Pp%) e]=57.6Aw3p 6
[m3’el=

{
= 57.6(0.132)(0.187)=1.42for04

(29)

{

Beneathdiagonalline =
57.6(0.132)(0.=1)= 2.66for65

in e column . . . . . ..*** ““””” ““”
‘3 = 57.6(0.132)(0.7W)= 5.35for6g
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2
4
0-l

.

= 9.78- (1.79+ 5.32+ 2.66)= 0.01

~w4 = o 32:gy:l 0.01
. L’wed= 57.6(0.183)= 0“00095

andsoforth.Thisprocessis continueduntila
minedforeachgroup.

valueof Aw isdeter-

straightsolidlinesin
blockdiagram.Fora

Theresultingblockdiagramis shownby the
figure26. A solidcurveisfairedthroughthis
knownvalueof q, figure15maybe usedtodetermineK ‘andhence a,
dropletradius,asa functionof em. Thedropletsizescalethusdeter-
minedisshownalongwiththe 6m scaleinfigure26. Thevaluesof w
asa functionofdropletradiusreadfromthesolidcurveoffigure26
areidenticaltothoseforoneofthethree2-inch-cylindercurvesin
figure21(c).

Thesignificanceofthe 6m incrementsselectedforrow1 inthe
precedingtableisillustra~edbythedottedcurveinfigure26,which
resultsfromdividingthe Wp curveat e=83.7,75,65,55,45,35,
25,15,5,andO degrees.Thedashedandthesolidcurvesarealmost
identical.
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Figure3. - Typicalrepresentationofweightedtotalcollection
efficiency~ as summationof contributionsby e@ droplet
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Figure9.- Typicalinstallationofcylinder(4-in.diam.),
‘ withblotterattached,in6-by 9-foottestsectionof
icingtunnel(lookingdownstream).
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Figure10.- Installationof gridusedformountingribbonstomeasure
uniformityof spraycloudin 6-by 9-foottestsectionof icing
tunnel(lookingdownstream).
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Flgn?e 13. - Trajectorystartingord~es as functionof angle of impingement
for cylinier(ref.1).
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Figure16.,- Localcollectionefficiency(av=.ageforindependent
impingementparameterq . 103and104)-asfunctionof central
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Figure17.-Typicalexperimentalimpingementratefor
cylindershowingarbitraryincremntsofcentral
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Figure20.- Continued.Experimentallocalwaterimpingement
ratesforthreecylindersizes.Airspeed,175milesper
hour.
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Figure20.- Concluded.E@ erimentallocalwaterimpingement
ratesforthreecylindersizes.Airspeed,175milesperhour.
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Figure 21. - Droplet size distributionobtainedfrom experimentalimpinnt ratea on cylixxlers
(basedon theoreticaltrajectmies from ref. 1).
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Figure 21. - Continued. Droplet size M.atribution obtained from experimen-
tal impinganent ratea on cylinders (baeed on theoretical trajectories

from ref. 1) .
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